Genes responding to Nod factors were picked up by the application of a differential display method for soybean suspension-cultured cells. Forty-five cDNA fragments derived from such genes were detected. Seven fragments (ssc1-ssc7) were successfully cloned. The putative product of genes corresponding to ssc1 was estimated to be a disease-resistance protein relating to the induction of the plant defense response against pathogens, and that corresponding to ssc7 was a sucrose transporter. Amino acid sequences deduced from full-length cDNA corresponding to ssc2 and ssc4 were investigated, and it was shown that these polypeptides were equipped with a leucine zipper motif and with phosphorylation sites that were targeted by tyrosin kinase and cAMPdependent protein kinase, respectively. In a differential display experiment, the transcriptional levels of three genes corresponding to ssc2, ssc3 and ssc5 were estimated to be up-regulated at 6 h after initiation of the treatment and the remaining four were estimated to be down-regulated. However, transcription of the genes corresponding to all ssc was clearly repressed within 2 h after initiation of the treatment. Five of them were restored to their transcriptional level 6 h after initiation of the treatment, although the others were repressed throughout the experimental period.
Introduction
The formation of nitrogen-fixing root nodule results from symbiotic interaction between leguminous plants and rhizobia. Flavonoid compounds released from the plant roots induce expression of rhizobial nod genes (Peters et al. 1986 , Redmond et al. 1986 , which results in the synthesis and secretion of the lipo-chitooligosaccarides known as Nod factors (Truchet et al. 1991) . Nod factors delivered to the plant roots initiate root nodule formation. Truchet et al. (1991) reported the genuine root nodule formation on alfalfa roots aseptically grown in the agar medium containing purified Nod factor. Yang et al. (1994) showed that Nod factors adhering to the root surface reactivated the cell cycle of root cortical cells in alfalfa and pea, which was followed by a series of mitosis and led to nodule primordia formation. Also in the case of Vicia, Glycine, Phaseolus, Lotus, and Acacia, spot adhesion of the factors resulted in nodule primordia formation (Spaink et al. 1991 , Stokkermans and Peters 1994 , Lopez-Lara et al. 1995a , Lopez-Lara et al. 1995b ). However, morphological tissue differentiation of nodules was not observed in these studies in which nodule primordium formation was confirmed. Although morphological tissue differentiation in root nodules was reported only in alfalfa, expression of some early nodulin genes were observed in Vicia, Glycine and Lotus root nodule primordia formed by adhered Nod factors (Vijn et al. 1995 , Minami et al. 1996 , Niwa et al. 2001 . These studies showed that undifferentiated cells newly generated from nodule meristem responded directly or indirectly to factitiously adhered Nod factors and changed their gene expression.
Expression of nod genes was also reported for rhizobia in infection threads (Schlaman et al. 1991) . In addition, the apoplastic space of the root is estimated to have a limiting pore size of 3.5-4.0 nm (Clarkson 1996) , which allows low molecular substances like Nod factors to move diffusively. Although Nod factor internalization in cytoplasm of leguminous cells was reported in prefixing zone II of alfalfa nodules, distribution of Nod factors in the plant tissue is not understood well (Timmers et al. 1998 ). However, the above observations support the view that newly formed undifferentiated cells around the nodule meristem are exposed to Nod factors released from the bacteria in the infection threads. Savoure et al. (1994) and Savoure et al. (1997) showed that transcriptional levels of genes encoding enzymes relating to flavonoid synthesis and cell cycle turning were regulated by exogenously supplied Nod factors in undifferentiated cells of Medicago microcallus culture. However, information about transcriptional responses of undifferen-tiated leguminous cells to Nod factors was very limited. In this study, genes that change their transcriptional level in response to Nod factors in undifferentiated cells of soybean suspensioncultured cells were surveyed, and the timescale of the response was explored.
Results
The search for genes where the transcriptional level is regulated by Nod factors
The genes were detected by using a differential display method where cDNA fragments were amplified by PCR with 18 different combinations of random primer groups and electrophoretic band patterns of the fragments were obtained by UV-illumination. As an example, the band patterns of cDNA fragments with five combinations of the primer groups (Table 1) are shown in Fig. 1 . The total number of bands appearing on the gel changed with the combination of primer groups. Also the number of bands differing in band intensity between treatments with and without Nod factors changed corresponding to the combination of primer groups. More intense bands appeared with Nod factors than without them, strongly suggesting that such bands were of cDNA fragments derived from transcriptionally up-regulated genes, and vice versa. Bands Table 1 . cDNA amplification products derived from cells treated with Nod factors (N) are compared to the products derived from non-treated cells (C). The bands that derived from transcriptionally up-regulated and down-regulated genes are indicated by large and small arrowheads, respectively. Fig. 1 by large or small arrowheads respectively. Throughout all trials with 18 different combinations of the primer groups, 20 and 25 bands of cDNA fragments were estimated to originate from up-and down-regulated genes respectively. These results were confirmed to be reproducible in another trial using a different batch of soybean cultured cells. Twelve of the above mentioned 45 cDNA fragments could be cloned after re-amplification by PCR. Six of the cloned 12 cDNA fragments were categorized into the 20 upregulated fragments described above.
Sequence homology and known motifs in the amino acid sequences deduced from isolated cDNA fragments All 12 fragments had sequences of random primers at both terminals indicating successful cloning of re-amplified cDNAs. Three of the 12 fragments were identical and the other nine (Altschul et al. 1990 ) and FASTA (Pearson and Lipman 1989) programs, which search on translated open reading frames and DNA sequences respectively, were used with default parameters values. These two programs generally gave similar results. c The probability of finding the homology by chance (BLASTX), or the percent identity in the homologous region (FASTA), is shown.
Clone
Best homology Arabidopsis thaliana putative sucrose-proton symporter protein (AC005398-8) BLASTX 5.5 10 -43 Fig. 3 Comparison of amino acid sequences among the ssc1 putative product and four different disease-resistance proteins. RPM1, RPS2, L6 and N indicate two A. thaliana disease-resistance proteins (accession no. X87851, U14158), Linum usitatissimum L6 protein (accession no. U27081) and Nicotiana glutinosa N protein (accession no. U15605), respectively. The amino acid sequence of the conserved domain 2 (Grant et al. 1995 ) is underlined. Identical amino acid residues among these amino acid sequences are shaded.
fragments were different from each other. A DNA-sequential homology search for these ten different fragments revealed that three fragments originated from ribosomal RNAs. The remaining seven fragments were termed ssc1-ssc7. DNA and amino acid-sequences of ssc1 and ssc7 are shown in Fig. 2 as examples of the sequencing results. Sequence homology of the ssc1-ssc7 is shown in Table 2 . Except for ssc3, all fragments have an open reading frame. Putative products of the ssc1 and ssc7 have homologies to putative Arabidopsis thaliana protein, which plays a role in the disease resistance processes or in the sucrose transport processes, respectively. It is known that a homologous diseaseresistance protein of A. thaliana, Nicotiana glutinosa and Linum usitatissimum conserves a distinctive domain of amino acid sequence (Grant et al. 1995) . As shown in Fig. 3 , ssc1 contained such a domain, which strongly suggests that ssc1 derives from the gene encoding the disease-resistance protein.
At the amino acid level, ssc7 showed 50% identity with A. thaliana sucrose transporter SUC2 (Sauer and Stolz 1994) and over 60% similarity was found with the several plant sucrose transporters. The amino acid comparison of the deduced ssc7 product with several plant sucrose transporters is shown in Fig.  4 . Also ssc2 and ssc4 have homologies to amino acid sequences of A. thaliana proteins, the role of which has not been clarified. DNA sequences of both ssc5 and ssc6 have a Fig. 4 Comparison of amino acid sequences among the ssc7 putative product and four different sucrose transporter proteins. AtSUC1, AtSUC2, R. communis and V. faba indicate two A. thaliana sucrose transport protein (accession no. X75365, X75382), Ricinus communis sucrose transporter protein (accession no. Z31561) and V. faba sucrose transporter (accession no. T12198), respectively. Identical amino acid residues between these amino acid sequences are shaded. strong homology to those of cDNA originating from Glycine max. However, the role of the protein encoded has not been previously known.
To obtain further information through sequence analysis, preparation of full-length cDNA was tried by using the RACE (rapid amplified cDNA ends) method, and SSC2 (the fulllength cDNA of ssc2) and SSC4 (the full-length cDNA of ssc4) were successfully isolated. The DNA sequence of SSC2 and the amino acid sequence deduced from the SSC2 DNA sequence are shown in Fig. 5 . A motif search revealed that the SSC2 has a putative leucine zipper motif (Fig. 5) . However, the leucine zipper was not accompanied by a motif of DNAbinding site in SSC2. The amino acid sequence deduced from the DNA sequence of SSC4 is shown in Fig. 6A . It became clear through a motif search that the SSC4 has three phosphorylation sites; one of them is a target for tyrosine kinase and the other two were for cAMP-dependent protein kinase respectively (Fig. 6A) . Analysis of the hydrophilic profile showed that these phosphorylation sites are of hydrophilic parts of the putative SSC4 product (Fig. 6B) , suggesting that these sites geometrically distribute on the outer surface of the putative product.
Temporal change of transcriptional level of genes in the cultured cells exposed to Nod factors The temporal change of transcriptional level of genes corresponding to the ssc was surveyed by using Southern blot analysis with RT-PCR. The results are shown in Fig. 7 . As an internal control, the transcriptional level of the ubiquitin gene was observed. The level was nearly constant throughout the Fig. 7 ) throughout the period. In contrast, all the ssc series indicated a very clear fluctuation of transcriptional level with Nod factor treatment. In a differential display experiment, the transcriptional level of three genes corresponding to ssc2, ssc3 and ssc5 were estimated to be upregulated at 6 h after initiation of the treatment and the remaining four were estimated to be down-regulated. However, the transcriptional level of the ssc series was already repressed within 2 h after initiation of the treatment. The transcriptional level of ssc2, ssc3, ssc4 and ssc5 showed rapid restoration during 4-6 h of the treatment. Also ssc7 showed the same trend. However, in the case of ssc1, repression continued till the end of experimental period. Thus, individual ssc were different from each other in the timing of transcriptional repression and restoration. Although the transcriptional level of ssc2 at 6 h after initiation of the treatment was estimated to be upregulated in a differential display experiment, the transcriptional level was down-regulated with the treatment in Southern blot analysis using RT-PCR (ssc2 in Fig. 7) .
Discussion
Due to their molecular size, Nod factors can diffusively move through the apoplastic space of the leguminous root cortex including infection threads. In addition, Nod factor internalization in the cytoplasm of leguminous cells was reported in the prefixing zone II of alfalfa nodules (Timmers et al. 1998) . Although the distribution of Nod factors in the leguminous root tissue is not understood well, these observations suggest that the undifferentiated cells newly generated from the root nodule meristem, which are nearby the infection threads, should make contact with Nod factors produced by rhizobia in the infection threads. Differentiation of the newly generated cells to respective root nodule tissue is considered as an essence of root nodule formation and it is likely that such a differentiation process starts by the influence of Nod factors. Because the transcriptional response of the undifferentiated cells to Nod factors is not clarified in the intact leguminous plant, the cultured cells originating from a soybean root segment were applied as an analogue for the undifferentiated cells in this study. For Medicago (Truchet et al. 1991 , Yang et al. 1994 , Glycine (Stokkermans and Peters 1994 , Minami et al. 1996 and Lotus (Niwa et al. 2001) , it has been reported that root nodule primordia appeared as the result of spot inoculation on the root surface of Nod factors at 10 -5 -10 -7 M. However, the concentration of Nod factors should be considerably lower than such levels around primordia since it is distant from the root surface. Consequently, the cultured cells were treated with 10 -8 M Nod factor in our study. Savoure et al. (1994) reported that about 30% of the total detected protein species were changed in amount by Nod factor treatment lasting 5 h in Medicago microcallus cells. Throughout our 18 PCR trials, the total band number detected in each trial varied from 0 to 23 giving an average of 13.3±6.5; where bands showed substantial difference in band-intensity as a result of Nod factor treatment, the number per trial varied from 0 to 7 giving an average of 2.5±2.1. Although, it should be considered that a part of the detected bands derived from rRNA and some bands were derived from the same gene, the percentage of genes regulating their transcriptional level by Nod factors was roughly estimated as around 19% from these average values. However, the number of checked bands throughout all PCR trials, 240 bands, is too few to reflect the general aspect of regulation by Nod factors. To verify how many genes are regulated by Nod factors, further studies such as a large-scale comparison of gene expression between leguminous cells with and without Nod factors are required.
In this study, seven cDNA fragments, derived from genes encoding different proteins and transcriptionally regulated with Nod factors, were successfully cloned. The putative product of ssc1 has a homology to disease resistance protein that relates to + RNA from the cultured cells were amplified by RT-PCR. Amplified products were detected by Southern blot analysis using sscspecific and ubiquitin probes, respectively. the induction of the plant defense response to pathogenic microorganisms (Bent et al. 1994 , Whitham et al. 1994 , Lawrence et al. 1995 . Transcriptional down-regulation of the gene corresponding to ssc1 observed in this study suggests that one of the roles of Nod factors is lowering the defense activity of host cells against rhizobium infection. Similarly the putative product of ssc7 has a strong homology to a sucrose transporter. The gene corresponding to ssc7 was transcriptionally downregulated with Nod factors, though it is difficult to estimate physiological significance of this down-regulation. SSC2 and SSC4 are products of the RACE method, and are probably fulllength cDNAs. The putative SSC2 product holds a leucine zipper motif suggesting that the products possibly form dimers. Although, until now, a leucine zipper motif, which has several proline residues between leucine residues has not been found, the motif of the SSC2 product contained several proline residues showing this to be a unique protein. The putative SSC4 product has three phosphorylation sites targeted by tyrosine kinase and cAMP-dependent protein kinase, suggesting that the product probably relates to the integration of signals.
In differential display experiment, transcriptional level of three genes corresponding to ssc2, ssc3 and ssc5 was estimated to be up-regulated at 6 h after initiation of the treatment and the remaining four were estimated to be down-regulated. However, the transcriptional level of all ssc series was clearly down-regulated within 2 h after initiation of the treatment. Five of them restored their transcriptional level from 4 to 6 h after initiation of the treatment and the transcriptional level of another two (ssc1 and ssc6) was continuously repressed till the end of this experimental period. Transient down-regulation has not been reported in relation to Nod factor induction of transcriptional responses of leguminous cells. We observed such cases in about five genes, as described above. The transcription of all genes tested in this study was down-regulated at an early period of exposure to Nod factors, however, further study will be required to determine whether such down-regulated genes are dominant in all genes transcriptionally regulated with Nod factors at this early period.
In this study, several genes whose transcriptional levels responded to Nod factors, were identified in undifferentiated cells of soybean suspension culture and the timescale of their response was investigated. Transcriptional response to Nod factors may also occur in undifferentiated cells originating from nodule meristem in intact soybean roots. To understand the biochemical and physiological significance of the response, it is essential to clarify the roles of genes whose transcriptional levels are regulated by Nod factors.
Materials and Methods

Soybean cell culture
A soybean suspension culture of the H1-2 strain was used in this study. Preparation of the cultured cells has already been described in Yokoyama et al. (2000) . The cultured cells were incubated in 110 ml of B5 medium (Gamborg et al. 1968 ) containing 2,4-D (0.1 mg liter -1 ) and benzylaminopurine (0.5 mg liter -1 ) with agitation (70 rpm). Twenty ml of the cultured cells was subcultured at intervals of 7 d into 90 ml of fresh B5 medium containing hormones. The cultured cells were kept at 27°C in the dark.
Nod factor
The purification of Nod factors of Bradyrhizobium japonicum USDA110 used in this study has already been described in Yokoyama et al. (2000) . Authentic NodBjV (C18 : 1, MeFuc), kindly provided by Prof. G. Stacey of University of Missouri, was used for the estimation of the concentration of the Nod factors used in this work.
Nod factor treatment
The cultured cells were treated with the Nod factors at 10 -8 M on the fourth day after transfer into fresh medium. The cells used for isolation of RNA for differential display method were collected at 6 h after initiation of the treatment by centrifugation (150´g). The cells used for Southern blot analysis using RT-PCR were collected at 0, 1, 2, 4 and 6 h after initiation of the treatment. As control, the cultured cells without Nod factors were collected at the same sampling times. All collected cells were frozen rapidly in liquid nitrogen.
First strand cDNA synthesis from mRNA isolated from soybean cultured cells with and without the Nod factors Total RNA was extracted from 2 g of the cultured cells using SDS/phenol methods (Watanabe and Price 1982) . Poly(A) + RNAs were prepared by using oligotex-dT30 super (Roche Diagnostics, Basel, Switzerland) from the total RNA treated with RNase-free DNase I (Gibco BRL, Rockville, MD, U.S.A.). Synthesis of singlestrand cDNA used for differential display were performed in a 20 ml reaction mixture containing 150 ng of the poly(A) + RNAs and oligo(dT) primer (Superscript pre-amplification system for first strand cDNA synthesis kit, Gibco BRL). Single-strand cDNAs used for Southern blot analysis were synthesized in a 20 ml reaction mixture containing 100 ng of poly(A) + RNAs. First strand cDNAs from the cells without the Nod factors were synthesized as a negative control using the same procedure.
Differential display
A differential display method was applied to thirty-eight kinds of 10mer random primer (Liang and Pardee 1992) . These primers were kindly given by Dr. S. Fukuoka of the National Institute of AgroBiological Sciences (Tsukuba, Japan). The 38 primers were divided into eight groups. One PCR trial was carried out using combinations of two different primer groups. One ml of single-strand cDNA mixture described above was used as a template in one PCR trial. The conditions of PCR were as follows; 94°C for 5 min followed by 35 cycles at 94°C for 1 min, 35°C for 1 min and 72°C for 1 min, with an additional extension step at 72°C for 7 min. In order to analyze any difference in transcription between the cultured cells with and without the Nod factors, a profile of the amplified products and their band intensity on 4.5% polyacrylamide gel were observed under UVillumination after ethidium bromide staining.
Sequencing and homology search
cDNA fragments showing a difference in band intensity between the cultured cells with and without Nod factors, were excised from the gel. The cDNA fragments were re-amplified by using the appropriate combinations of random primer groups. Successfully re-amplified cDNA fragments were cloned in a T-vector (pT7 Blue T-vector Kit, Novagen, Madison, WI, U.S.A.), and the fragments were sequenced using an ABI PRISM Dye Terminator Cycle Sequencing Ready Reac-tion kit (PerkinElmer Applied Biosystems, Foster City, CA, U.S.A.). Amino acid sequences were deduced using the Genetyx program (Software Development Co., Ltd., Tokyo, Japan) from obtained DNA sequences. A homology search was carried out using the FASTA and BLASTX program with DNA and amino acid sequences respectively.
Southern blot analysis using RT-PCR
First-strand cDNA mixture describe above was diluted to 100 ml and aliquots of 1 ml were subsequently added to 50 ml of PCR solution (Expand high fidelity PCR system, Roche Diagnostics) with specific primers derived from respective DNA sequences of ssc (ssc1 forward: 5¢-TTACCAAGTGAAGCCATTGG-3¢, reverse: 5¢-CCAAACAAAGA-TGA-GCCCAA-3¢; ssc2 forward: 5¢-ACATTGGGAGCTTGATA-AGC-3¢, reverse: 5¢-GGCAAG-GAAGCAGATGTTAT-3¢; ssc3 forward: 5¢-ACACCACAAAAG-GATAACCT-3¢, reverse: 5¢-TTGCTTTTCTT-TGCCTTCCA-3¢; ssc4 forward: 5¢-TTAAGTGGACAGAGGATGA-C-3¢, reverse: 5¢-CATACCTCTCTTGCTTGGAT-3¢; ssc5 forward: 5¢-CGGGATTCTTGG-CAGACGTG-3¢, reverse: 5¢-TTCCCAATCCATCT-CCACCC-3¢; ssc6 forward: 5¢-AAG-CAGCCAAGAACCTATTG-3¢, reverse: 5¢-GCAATCTTGCAGAAGCATCT-3¢; ssc7 forward: 5¢-ACAAAGGTCTCCACAAGAT-G-3¢, reverse: 5¢-AAAACGACGGC-GTTTA-CCAT-3¢). PCR was carried out for 20 cycles at 94°C for 1 min, 55°C for 1 min and 72°C for 2 min. In the case of a PCR using the ssc1 specific primer set, the annealing temperature was altered to 60°C. For quantitative verification, a Southern blot analysis using RT-PCR and an equal amount of poly(A) + RNAs were used to amplify the soybean ubiquitin gene. PCR products were fractionated by electrophoresis in 1.2% agarose gel followed by blotting to a nylon membrane (Hybond-N+, Amersham Pharmacia Biotech U.K. Ltd, Buckinghamshire, U.K.). The ssc-specific and the ubiquitin products were detected by hybridization using chemiluminescence (ECL direct nucleic acid labeling and detection system, Amersham Pharmacia Biotech U.K. Ltd, Buckinghamshire, U.K.). Both cDNA fragments isolated in this study and amplified with the ubiquitin specific primers (forward: 5¢-GGGTTTTAAGCTCGTTGT-3¢ reverse: 5¢-GGACACAT-TGAGTTCAAC-3¢, Fortin et al. 1988) were formed DNA-horseradish peroxidase complex by using ECL direct nucleic acid labeling and detection system (Amersham Pharmacia Biotech U.K. Ltd, Buckinghamshire, U.K.). Then they were used as hybridization probes.
Rapid amplified cDNA ends (RACE)
Total RNA was extracted from cultured cells without the Nod factor by the guanidium thiocyanate-CsCl method (Chirgwin et al. 1979) . cDNA was synthesized using the Marathon cDNA amplification Kit (Clontech, Palo Alto, CA, U.S.A.). Full-length cDNA were obtained by PCR using gene-specific primers derived from the sequences of ssc2 and ssc4 (ssc2: 5¢RACE: 5¢-GAACCACTTCAA-CATCCTTATGAG-G-3¢, 3¢RACE: 5¢-ATCATCTTTACTTCCTGCG-AGTGCTA-3¢; ssc4: 5¢RACE: 5¢-GATTGCTTGTTCCCTC-CGAAG-CCAT-3¢, 3¢RACE: 5¢-CTTCATTCCAGAG-GCAATCAAGTGAAGT-3¢). The PCR products were fractionated by electrophoresis in 1.2% agarose gel and purified from agarose gel using QIAEX II (QIAGEN Inc., Valencia, CA, U.S.A.). The purified PCR products cloned in pBluescript KS+ (Stratagene, La Jolla, CA, U.S.A.) were used for sequencing. The deduced amino acid sequences of both SSC2 and SSC4 were analyzed for their motifs using the Genetyx program (Software Development Co., Ltd.).
